Percutaneous intramuscular electrodes and a portable multichannel system were used to restore the function of the paralyzed lower extremities in six patients with complete paraplegia. The total number of inserted electrodes was 168. All of the patients could stand, two could walk in parallel bars, and two could walk with a walker. The rate of breakage of electrodes was only 0.6% in our series. There were 10 (6.0%) superficial infections, and 10 (6.0%) movement of electrodes which required reimplantation. The results suggest that the uItrafine intramuscular electrode is practical for long term use with paraplegic patients. Although the system can be used for paraplegic patients during the activities of daily living, it will be necessary to develop a closed-loop controller to reduce the amount of stimulation to the extensor muscles and extend the endurance of upright activity to reduce fatigue.
Introduction
Recent advances in computer technology have made it possible to control paralyzed muscles by electrical stimulation. Functional electrical stimulation (FES) has been investigated in some laboratories as a method of achieving standing and walking, and some investigators have already reported some success in restoring ambulatory function for people who are paraple giC. 1 , II , 12 The Sendai group and the Nippon Electric Company have developed the FES system with percutaneous electrodes; -7 and this has been a vail able in our Department and has been used to restore locomotion in complete paraplegic patients since 1990. 14 Here we describe the clinical results and problems arising with FES.
Materials and methods
The subjects included six males with complete deficit of spinal cord function, with no motor function or sensation below the level of injury. The average patient age was 36.5 years (range, 19-68 years). The cause of the spinal cord lesion in two patients was a spinal arteriovenous malformation at T12 level. The other four subjects had sustained a spinal cord injury at the levels of T12, T6, T5 and T8. The average time since injury was 1.8 years (range, 3 months to 5 years), and the average follow-up period was 4.4 years (range, 2 years 11 months to 5 years 4 months ( Table 1) .
The FES system developed by the Sendai Group
Correspondence: Y Shimada and the Nippon Electric Company was used in this study. This system consists of a stimulation data creating system (SDq and a 30-channe1 stimulator. The SDC was used to compose and store the stimulation parameters which set the threshold voltages for each muscle, and controlled the pulse shape and the individual pulse sequence (Figure 1 ). The portable stimulator measured 8.9 x 14.5 x 3.1 cm and weighed 330 g, and was usually worn on a belt ( Figure 2 ). The indwelling electrode was formed as a helically wound Teflon-coated 19 strand stainless steel wire (Nippon Seisen Co. Ltd.) ( Figure 3 ). The tip of the electrode was deinsulated. Electrodes were implanted percutaneously into the motor point of the muscles.
The pulse amplitude was modulated from 0 to -15 V. Rectangular pulse trains were used with 200 microseconds pulse width and a pulse interval of 50 ms. A customized pattern of stimulation was composed for each subject based on the observed muscle function.
Prior to implantation, the sensitivity and location of motor points was determined using surface electrode stimulation. Implantation of the electrodes was performed under sterile conditions. We chose a common body-entry point for electrodes located at both anterior proximal thighs (Figure 4 ). The number of percutaneous electrodes was 29 in case 1, 19 in case 2, 22 in case 3, 30 in case 4, 34 in case 5 and 34 in case 6, totalling 168. The stimulated muscles or nerves are as described in Table 2 . Mediolateral support of the ankle was provided with an ankle-foot orthosis, if considered to be necessary. 
Results
The volume of the muscles measured by CT scan increased with daily electrical stimulation in many muscles. 9 In others which failed to increase their volume we suspected peripheral nerve damage. The muscle conditioning stimulation was continued to reduce muscle fatigue. The use of the withdrawal reflex was beneficial in assisting flexion of the hip joint.
The skin complexion of the legs in all cases turned well.
They became less susceptible to cold. In two patients their decubitus was improved by the increased blood circulation.
All six patients could stand, two walked in parallel bars with AFO's and two walked with a walker. (1) severe deformities and contractures of the joints;
(2) extensive peripheral nerve injuries; (3) severe muscle atrophy; (4) severe ectopic ossifications; (5) severe visceral disorders; (6) obesity; (7) inadequent balance. In restoring locomotion in those who are paraplegic, it is necessary to control the hip, knee and ankle joints and to maintain muscle activity to sustain the upright posture during standing and walking. Muscle fatigue is a major problem for restoration by FES. of all spinal cord injured persons in the USA might be potential users of a particular electrical stimulation technology. We expect that the demand of FES for paraplegic patients will increase in the near future, and we are working towards the development of practical FES systems which will help the independence our patients.
